Background: Because of factors only partly understood, the generalized elevated immune activation and inflammation characterizing HIV-1-infected patients are corrected incompletely with antiretroviral therapy (ART). Extracellular vesicles (EVs) including exosomes and microvesicles released by several cell types may contribute to immune activation and dysfunction. EV size, abundance, and content appear to differ according to infection phase, disease progression, and ART.
INTRODUCTION
Several aspects of the immune response are deregulated rapidly and irreversibly during the acute phase of HIV-1 infection. By inhibiting HIV-1 viral replication, antiretroviral therapy (ART) improves immune function and effectively minimizes the risk of AIDS-related complications, albeit without restoring full health. HIV-infected patients under ART still present with elevated risks of cardiovascular, liver, kidney, and neurological disorders. 1 The severity of these non-AIDS-related complications is often proportional to the degree of immune activation and inflammation. 1 Elite controllers, who spontaneously control HIV-1 replication, are no exception and are also susceptible to immune activation and inflammation. 2 The factors underlying immune deregulation and elevated state of inflammation are not fully understood but include low persistent viral replication, fibrosis of lymphoid tissue, and translocation of microbial products from the gut, the latter leading to monocyte activation. 3 All of these factors contribute to enhancing T-cell apoptosis, although homeostatic factors help to maintain a stable pool of T cells. 4 In the context of untreated infection and to a lesser degree with ART, infected CD4 T cells die by apoptosis. 5, 6 An interesting recent study 7, 8 suggests that while productively infected CD4 T cells die by caspase-3-dependent apoptosis, uninfected or abortively infected bystander CD4 T cells may die by pyroptosis, an inflammatory form of caspase-1-dependent cell death. This enhanced cell death promotes the release of microvesicles (MVs) and apoptotic bodies into the extracellular milieu. 9, 10 These may contain certain HIV proteins such as Nef, which is associated with infectivity and disease progression. 11 The role of these vesicles as carriers of bioactive molecules in transmitting proinflammatory or anti-inflammatory signals to neighboring or target cells is known. 10, 12 Depending on their activation state, cells can produce different types of extracellular vesicles (EVs), most notably plasma membrane vesicles (MVs), exosomes, and apoptotic bodies. 10, 13, 14 Erythrocytes, leucocytes, and tumor cells are among the cell types that release EVs. 13, 14 Exosomes are a type of EV originating in internal endocytic compartments called multivesicular bodies. They are released from viable cells into the extracellular milieu upon fusion of these bodies with the plasma membrane 13, 14 and thus can be recovered from blood, urine, and saliva. The exosome surface and lumen harbor proteins and other macromolecules such as mRNA and micro-RNA that reflect their cell origin. In addition exosomes act as intercellular messengers that may modulate tolerance, antigen presentation, and inflammation. 13, 14 MicroRNA is singlestranded noncoding RNA, 22 nucleotides in length, and capable of recognizing specific mRNA and inhibiting its translation into proteins, thereby influencing and altering numerous cellular functions. 15 These molecules may thus promote the development and function of hematopoietic stem cells 16 and regulate the immune system and inflammatory processes. 17 A micro-RNA known as miR-155 is involved in the innate and adaptive responses and regulates CD8 and Th17 cell differentiation. 18 Another microRNA of interest is miR-223, which is known for its role in infection, inflammation, and hematopoietic cell differentiation, 19, 20 while miR-92 is associated with tumor cell proliferation. 21 Exosomes circulating in biological fluids such as plasma may regulate multiple pathways in neighboring or distant cells through the delivery of genetic material. As the exosome content is altered by disease or treatment, they have been used as biomarkers in the monitoring of cancer 22 and viral infections including Epstein-Barr and hepatitis C. 23, 24 Exosomes derived from dendritic cells (DCs) loaded with HIV-1 may regulate apoptosis of recipient cells, possibly due to death-associated protein 3 (DAP-3) and apoptotic protease-activating factor 1 (Apaf-1), 2 effector proteins involved in apoptosis, 25 and/or to Nef protein. 26 Exosomes have been shown to enhance trans HIV-1 infection in a paracrine manner, [25] [26] [27] [28] [29] [30] whereas high levels of apoptotic MVs may induce DC dysfunction during acute HIV-1 infection 31 and facilitate infection of macrophages.
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EVs and more precisely exosomes are now known to induce under certain pathological conditions dysfunctional innate and adaptive immune responses through their specific cargo. 10, 13, 14 Studying the role of exosomes in the context of HIV-1 infection has proven to be a daunting challenge because the viral particles present biophysical characteristics very similar to those of exosomes, notably size, sedimentation rate on sucrose density gradient, and the presence of various molecules. Separation and characterization of exosomes in the presence of MV and HIV-1 require a specifically adapted technology. Using velocity-gradient centrifugation, acetylcholinesterase (AChE) activity measurement, and transmission electron microscopy, we and other groups have been successful at separating exosomes from virions, MVs, and apoptotic MV [25] [26] [27] [28] 30, 33, 34 and confirming that AChE+ vesicles are exosomes. To gain further insight into circulating exosomes and MVs in the context of HIV-1 infection, we analyzed the relative abundance of exosomes, the size distribution of heterogeneous populations of EV, and the presence of specific proteins and selected microRNA in plasma isolated from HIV-1-infected patients and investigated their association with various markers of immune status and disease progression.
MATERIALS AND METHODS

Studied Population
Forty-three HIV-1-infected patients participated: 17 ART-naive (having never received ART), 13 ART-treated with undetectable viral load (#50 copies per milliliter of plasma), and 13 elite controllers (who spontaneously control viral replication in the absence of treatment). Sixteen healthy uninfected control subjects also participated. This study received approval from the Ethics Review Boards of the McGill University Health Centre, Montréal, Québec, Canada, and the Centre de recherche du CHU de Québec, Québec, Canada. All subjects were volunteers and provided written informed consent to participate in the study.
EV Purification
ExoQuick was used to precipitate and concentrate all EVs from plasma, including virions. Briefly, 250 mL of plasma was incubated overnight with 63 mL of ExoQuick reagent (SBI via Cedarlane, Burlington, ON, Canada) and centrifuged for 30 minutes at 1,500g, and the pellet was washed and then resuspended in a final volume of 250 mL of filtered (0.22 mm) phosphate-buffered saline. An AChE activity assay was used to determine exosome abundance. 33 
Western Blot Characterization of Proteins
The EV pellet (20 mL) precipitated from pooled plasma (13 samples) from each group using ExoQuick was added to 20 mL of modified Laemmli 2· sample buffer and kept at 100°C for 7 minutes as described previously. 35 The samples were then subjected to sodium dodecyl sulfatepolyacrylamide gel electrophoresis and transferred to 
EV Size Measurement
Dynamic light scattering (DLS) was used to measure particle size in heterogeneous MV populations. These were precipitated using ExoQuick and resuspended in filtered (0.22 mm) phosphate-buffered saline (diluted at 1:2) in 4% paraformaldehyde. Size was determined in triplicate from light diffusion due to particle Brownian motion measured at 4°C using a Zetasizer Nano S (Malvern Instruments, Ltd., Malvern, United Kingdom).
Electron Microscopy
Briefly, 20 mL of ExoQuick pellet was fixed with an equal volume of 2% paraformaldehyde and concentrated on a formvarcoated electron microscopy grid using an Airfuge ultracentrifuge (Beckman, Palo Alto, CA) at 120,000g (air pressure of 20 psig) for 15 minutes. The grids were dried on bibulous paper and stained for 1 minute with a drop of 1% of uranyl acetate solution. The concentration, shape, and overall appearance of the EVs were examined using a FEI Tecnai Spirit G2 transmission electron microscope equipped with an AMT CCD camera.
MicroRNA Quantification in EVs Isolated From Plasma
Plasma samples (250 mL) were treated with proteinase K (final concentration of 1.25 mg/mL) for 10 minutes at 37°C and then centrifuged at 17,000g for 30 minutes. EVs in the supernatant were purified using ExoQuick as described above. The resulting pellet was diluted in TRIzol LS (Ambion, Life Technologies, Carlsbad, CA) at a ratio of 3:1 and stored at 280°C. Total RNA was extracted and resuspended in 12 mL of DEPC water. Reverse transcription was performed according to the manufacturer's instructions on 10 mL of this suspension using a HiFlex miScript RT II Kit (Qiagen, Hilden, Germany). Mature miR-155 (#MS00031486), miR-223 (#MS00003871), and miR-92 (#MS00006594) were detected by quantitative polymerase chain reaction using miScript Primer Assay Kit and miScript SYBR Green PCR Kit (Qiagen). Amplification of mature microRNA as cDNA was performed in Rotor-Gene 3000 operated with software version 6.1 (Corbett Life Science, Concorde, Australia) using 40 cycles of 95°C for 15 seconds, 55°C for 30 seconds, and 70°C for 30 seconds. Reaction specificity was ascertained by performing the Melt procedure (58-99°C, 1°C per 5 seconds) at the end of the amplification protocol according to the manufacturer's instructions. MicroRNA level was expressed in terms of cycle threshold (Ct). Ct values above 40 were considered negative.
Statistical Analysis
Data are presented as mean 6 SEM. Treatment mean values were compared using single-factor analysis of variance followed by Tukey multiple comparisons. Bartlett test was applied to analyze variance between groups. Correlation coefficients were calculated using Spearman rank correlation test. All statistical analyses were performed using GraphPad Prism 5 software; P values ,0.05 were deemed statistically significant. Asterisks denote the degree of significance (*P , 0.05, **P , 0.01, ***P , 0.001).
RESULTS
Characterization of EVs Found in Plasma From HIV-1-Infected Patients
We have shown previously that DCs, the first immune cell type to come into contact with viral particles during the earliest phase of mucosal HIV-1 infection, subsequently release AChE+ vesicles called exosomes in larger than normal quantities. 25 We therefore tested the hypothesis that EVs found in plasma are indicative of cellular activation and in vivo HIV-1 replication by comparing healthy individuals and HIV-1-infected patients. Patient characteristics are summarized in Table 1 . Figure 1A shows that the abundance of AChE+ exosomes in plasma is greater in ART-naive HIV-1-infected patients than in uninfected control subjects and elite controller patients (P , 0.001 for all comparisons). The similarity between levels in elite controllers and uninfected control subjects was striking (expressed as OD 450 nm/min: ART-naive: 52.31 6 5.72; healthy subjects: 24.77 6 3.93; ART-suppressed: 40.32 6 5.91; elite controllers: 21.17 6 4.25; P , 0.001 for comparisons between ART-naive and healthy subjects or elite controllers).
The plasma fraction precipitated using ExoQuick includes exosomes and plasma membrane-associated apoptotic MV as well as any viral particles present. In addition, analysis of EV size based on DLS (Figs. 1B, C) showed that EVs found in the plasma of ART-naive patients were of larger and more broadly distributed diameter than those from any other group of subjects (in nanometer: healthy subjects: FIGURE 1. Characterization of EVs. Plasma was obtained from healthy individuals (n = 16) and HIV-1-infected individuals (n = 17 ART-naive, n = 13 ART-suppressed, n = 13 elite controllers). ExoQuick was used to precipitate EV fraction. A, AChE activity measured for each patient. B, DLS (Malvern Zeta nanosizer) sizing of EVs after fixation with 2% paraformaldehyde. C, Distribution of particle mean size, based on DLS (black indicates healthy individuals). D, Western blot of proteins precipitated from pooled plasma of each group. E and F, Correlations of AChE+ MV abundance and EV size with CD4/ CD8 ratio in all HIV-infected patients, reported as Spearman r and P values (2-tailed). Asterisks denote statistically significant differences (***P , 0.001). 320 6 37.5; ART-naive: 1017 6 159.5; ART-suppressed: 343 6 33.4; elite controllers: 298 6 40.8; P , 0.001 for comparisons between ART-naive and healthy, ARTsuppressed subjects, or elite controllers). To characterize EVs, we analyzed samples using Western blotting (Fig.  1D) . TSG-101 is a protein involved in the biogenesis of multivesicular bodies and is considered as exosome marker. 14 It was found in larger amounts in plasma EVs from ARTnaive HIV-1-infected patients. In contrast, ICAM-1-positive EVs are found in all plasma samples regardless of group. ICAM-1 is considered as a marker of plasma membranes. These data support the hypothesis that different EV populations are found in plasma depending on disease progression and that exosomes are more abundant in ART-naive patients. Finally, as we have found previously in exosomes derived from cells infected in vitro, 25 the mitochondrial ribosomal protein DAP-3, which might be involved in apoptosis, appeared to be more abundant in EVs obtained from pooled plasma of all HIV+ patient study groups, compared with healthy controls.
Exosome Abundance and EV Size Are Correlated With Markers of Disease Progression
To determine the potential of exosomes or EVs in general as biomarkers of HIV-1 pathogenesis, several correlations were examined. Tables 2 and 3 show the correlations of AChE activity and EV size with various clinical parameters, respectively, for the different categories of HIV-1 patients. There were correlations between vesiclebound AChE activity and EV size and leukocyte counts in HIV-1 patients in general (last columns of both tables and bold values are significant values). Figure 1 shows how exosome levels (panel E) and EV size (panel F) correlate with CD4/CD8 ratio, which is considered to be an independent marker of disease progression, 36 as is the CD4 nadir. 37 Furthermore, our results indicate a significant correlation between CD4 nadir and exosome abundance in HIV-1-infected patients (r = 20.3544; P , 0.04). No correlation with patient age was observed, in contrast with the opposite correlation observed between exosome abundance and duration of HIV-1 infection in ART-suppressed (r = 0.649; P , 0.02) and elite controller patients (r = 20.701; P , 0.02).
MicroRNA Contained in Exosomes or EVs Purified From Plasma of HIV-1 Patients
Some studies have shown that infection or simple contact with HIV-1 may induce changes in T-cell microRNA profiles. 38 As the specific contents of EVs depend on the cells that secrete them, we hypothesized that EVs including exosomes from HIV-1 patients must contain microRNA. We therefore measured their miR-155, miR-223, and miR-92 (control) contents. Plasma samples were treated with proteinase K before ExoQuick purification to measure only intravesicular microRNA. This treatment eliminates large amount of microRNA potentially associated with high denisty Lipoprotein and low density Lipoprotein, proteins, or other EVlike surfaces. 39 Figure 2 shows that all 3 of these microRNAs are more abundant in EVs from ART-naive patients (6 of 8 patients for miR-155, 5 of 8 for miR-223, and all 8 for miR-92). AChE activity (panels D to F) was found correlated strongly with miR-155 (r = 20.85; P = 0.007) and miR-223 (r = 0.87; P = 0.005) contents, as was EV size (panels G to I). This was not the case for miR-92 (panel C) or miR-16 (data not shown). This microRNA enrichment was not likely due to an overall increase in total RNA incorporated into or associated with the extracellular components of EVs because proteinase K was used to eliminate such associations, as illustrated in panels J-M. Proteinase K treatment increased EV homogeneity, as shown by transmission electron microscopy (panels J and K) and DLS measurement (panels L and M). EVs from ART-naive patients contained less total RNA than did those from healthy or other HIV-1 patients (data not shown). Finally, 
DISCUSSION
Exosome production is aptly described in the cancer literature as an intercellular communication strategy and exosomes themselves as diagnostic and prognostic markers. 22 FIGURE 2. Detection of selected microRNAs in plasma EVs and correlation with AChE activity and size of EVs. Plasma obtained from healthy individuals (n = 8) and HIV-1-infected individuals (n = 8 ART-naive, n = 8 ART-suppressed, n = 8 elite controllers) was treated with proteinase K, and ExoQuick was used to precipitate EV fraction. MicroRNA miR-155 (A), mir-223 (B), and miR-92 (C) present in exosomes and MVs were amplified as described in the "Materials and Methods" section. Panels (D-F) show the correlation between microRNA relative abundance and AChE activity for ART-naive patients. Panels (G-I) show the correlation between microRNA abundance and EV size for ART-naive patients. All correlations are reported as Spearman r and P values (2-tailed). Asterisks denote statistically significant differences (*P , 0.05, **P , 0.01). Panels (J and K) show representative electron microscopy images of exosomes. Panels (L and M) show plasma MV size distribution, based on DLS measurement. Samples in (K and M) were treated with proteinase K.
Information on exosomes in chronic viral infections including HIV infection remains limited. We have previously shown in vitro that DCs incubated with HIV-1 produce large amounts of exosomes containing proapoptotic molecules. 25 To study how EVs might reflect HIV-1 infection status in vivo, we analyzed plasma EVs from HIV-1 patients and evaluated the relationship between these particles and patient virological and immunological status. We thus observed increased abundance of exosomes and the exosomeassociated protein called TSG-101 in ART-naive HIV-1-infected patients compared with elite controllers and uninfected control subjects. Previous studies have shown that both TSG-101 and AChE may be found in some exosome populations. 13, 14, 33 Our results show that exosomes are more abundant in the EV population of ART-naive patients than of other patient groups. In addition, EV hydrodynamic size was larger in ART-naive patients than in ART-treated subjects (ART-suppressed) or in elite controllers. Presenting with undetectable plasma viral load and having maintained nearly normal CD4 T-cell counts without receiving ART, elite controllers had exosome abundance and EV size comparable with those of control subjects. The differences in EV size and exosome abundance were associated with parameters reflecting disease progression. For example, size and abundance were associated negatively with CD4/CD8 ratio (recognized as an independent marker of disease progression) and hence with CD4 T-cell count, as well as with neutrophil and platelet counts, and positively with CD8 Tcell numbers. It is especially noteworthy that EV size and the presence of AChE were strongly correlated with the number of years of infection, independently of treatment status, patient age, and disease progression. However, only in elite controllers was a negative correlation observed between exosomes and duration of infection, possibly due to their high level of control over HIV replication. These findings provide novel information on the potential role of EVs and exosomes as biomarkers in HIV-1 disease progression and on the effect of ART.
The ratio of CD4/CD8 cells and more particularly CD4 T-cell nadir are predictors of immune activation level, both factors being associated with exosomes in HIV-1-infected patients, whether treated or untreated. 36, 37 Immune activationrelated apoptosis is considered to be a major mechanism of CD4 T-cell death. The increased abundance of exosomes may result in part from their ability to induce apoptosis of CD4 T cells, which Lenassi et al 26 have shown in vitro as we have, and from infection of naive CD4 T cells, as shown more recently. 27 Other studies have shown that apoptotic vesicles are released from antigen-presenting cells and further induce Tcell and monocyte apoptosis. 9, 31 It is known that apoptotic vesicles are larger than exosomes. 12 Their enhanced release during HIV-1 infection may explain the broad size distribution of EVs in the plasma of ART-naive patients. In addition, detection of mitochondrial protein DAP-3 ( Fig. 1D ) confirms our in vitro study showing its presence in exosomes derived from HIV-1-infected cells. 25 The presence of apoptotic effector protein DAP-3 in EVs from HIV+ patients suggests that this protein may contribute to the cell death observed during chronic HIV infection. However, this needs to be confirmed in further studies.
Depletion of CD4 T cells and increased number of CD8 T cells illustrate the disruption of the immune system caused by infection. The activation phenotype of CD4 and CD8 T cells is another hallmark of disease evolution. More recently, expression of CD38 and HLA-DR has been attributed to exosomes. 40 In addition, enrichment of exosomes from HIV-1 patients with several cytokines points toward an additional role for exosome contents in immune activation and disease progression. 40 Better understanding of the mechanisms associated with changes in CD4/CD8 ratio could be helpful in the control of disease progression.
Another possibility is that microRNA contained in EVs contributes to the changes that occur early during HIV-1 infection. Studies in mice show that miR-155 plays a role in the development of an effective antiviral effector CD8 response 41 and seems to be involved in increasing the numbers of regulatory T cells. 42 Both cell types are known to increase during HIV-1 pathogenesis. The strong correlation between exosomes bearing both microRNAs involved in the regulation of immune response or inflammation and disease strongly suggests that analysis of plasma exosome abundance, EV size, and microRNA content could provide a unique and accurate fingerprint of local cellular activation and progression of inflammation and pathogenesis. We note with interest that the importance of miR-155 in the regulation of HIV-1 latency has been described recently. 43 Long-term monitoring of miR-155 in plasma EVs might provide valuable information on HIV-1 latency status. However, changes in micro-RNA content need to be followed in a longitudinal study in order to confirm this.
This study has shown for the first time that the presence of exosomes is correlated with duration of infection, CD4 nadir, and neutrophil cell counts and more importantly with 2 microRNAs (miR-155 and miR-223) involved in the regulation of immune and inflammatory responses. Overall, our findings will be helpful in future investigations of how the specific contents of plasma EVs participate in the immune deregulation that occurs after HIV-1 infection and already provide novel information on the role of EVs and exosomes as biomarkers in HIV-1 disease progression. Their clinical value as markers of response to treatment with antiapoptotic or other new therapeutic strategies in HIV-infected patients may also be considerable. EV analysis could serve as an excellent companion diagnostic. Over the longer term, modulation by pharmacological inhibitors or elimination by immune capture of EVs produced specifically in response to viral infection might contribute to reducing the deleterious effects of immune activation. These considerations require further study.
